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Experimental	and	analytical	study	of	concrete	blocks	subjected	
to	concentrated	loads	with	an	application	to	TBM‐constructed	
tunnels	
	
	
	
Abstract	
To	generate	enough	thrust	for	a	Tunnel	Boring	Machine	(TBM)	to	excavate	a	soil	and	
advance,	several	jacks	are	typically	used	to	apply	force	to	the	last	installed	ring	that	acts	as	a	
reaction	 frame.	 These	 loads	 generate	 bursting	 stresses	 that	 might	 cause	 cracks	 in	 the	
longitudinal	direction	of	the	segments.	Many	studies	dedicated	to	evaluating	this	phenomenon	
focus	mainly	 on	 elements	with	 similar	 height‐to‐length	 ratios.	 To	 cover	 the	wide	 variety	 of	
dimensions	and	load	application	patterns,	additional	experimental	assessments	are	required.	
The	objectives	of	the	present	paper	are	to	extend	the	study	of	with	different	height‐to‐length	
ratios	 subjected	 to	 concentrated	 loads	 and	 to	 validate	 analytical	 formulations	 for	 the	
verification	 of	 concrete	 segments	 in	 SLS	 and	 ULS.	 To	 accomplish	 this,	 an	 experimental	
program	was	constructed	using	small‐scale	specimens	with	and	without	fibre	reinforcement.	
The	 results	 obtained	were	 used	 to	 validate	 the	 formulations	 derived	 from	 a	 struts‐and‐ties	
model.	 Finally,	 an	 application	 of	 the	 formulation	 proposed	 to	 the	 case	 study	 of	 Line	 9	 in	
Barcelona	 is	 presented.	 This	 study	 represents	 a	 contribution	 towards	 the	 development	 of	
simplified	tools	for	the	design	of	segmented	linings	both	in	the	SLS	and	in	the	ULS.	
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1. Introduction	
To	generate	 enough	 thrust	 for	 a	Tunnel	Boring	Machine	 (TBM)	 to	 excavate	 soil	 and	
advance,	several	jacks	are	typically	used	to	apply	force	to	the	last	installed	ring	that	acts	as	a	
reaction	 frame.	 If	 the	 loads	 are	 excessively	 high,	 crack	 patterns	might	 arise	 in	 traditionally	
reinforced	 and	 in	 fibre	 reinforced	 concrete	 segments,	 as	 presented	 in	 Figure	 1	 [1]	 for	
different	configurations	of	the	thrust	jacks.	Although	some	of	the	cracks	might	be	explained	by	
an	 imperfect	 support	 of	 the	 segments	 [2‐4],	 others	 are	 related	 to	 the	 application	 of	
concentrated	 loads.	 In	 the	 latter	 case,	 compressive	 and	 splitting	 stresses	 appear	 under	 the	
pads	 of	 the	 jacks.	 These	 stresses	 are	 derived	 from	 a	 triaxial	 state	 that	 spreads	 over	 the	
disturbance	zone	through	compression	trajectories.	These	trajectories	are	internally	balanced	
by	tensile	trajectories,	leading	to	splitting	stresses	(i.e.,	bursting	stresses)	that	cause	the	main	
vertical	 cracks	 through	 the	 depth	 of	 the	 segment.	 Similarly,	 as	 a	 result	 of	 the	 convex–
deformed	geometry,	spalling	stresses	could	appear	and	generate	secondary	cracks.		
	
	
	
	
	
	
		
																	 	
Figure	1.	General	stress	patterns	for	different	thrust	jack’s	configurations:	(a)	German;	and	(b)	
Japanese	and	French	systems.	
Even	though	the	opening	of	secondary	cracks	should	also	fulfil	the	service	limit	state	
(SLS)	 requirements,	 bursting	 stresses	 are	 of	 special	 interest	 to	 the	 design	 of	 the	 structure	
because	they	determine	the	reinforcement	strategy.	Currently,	these	crack	patterns	(Figure	1)	
are	typically	controlled	by	using	traditional	steel	bars.	However,	 it	has	been	proven	that	the	
use	of	a	certain	amount	of	structural	fibres	may	enhance	the	performance	in	SLS	[5],	leading	
to	cost	and	time	savings	[6].	
It	is	well	known	that	the	application	of	concentrated	loads	induces	a	complex	3‐D	state	
of	stresses,	which	 is	difficult	 to	evaluate	due	to	 the	existence	of	a	disturbance	zone	beneath	
the	 load	 transfer	 area.	 The	 phenomenon	 was	 initially	 evaluated	 and	 applied	 to	 support	
systems	 [7‐9]	 and	 pre‐stress	 transfer	 zones	 [10].	 Investigations	 for	 the	 particular	 case	 of	
tunnels	constructed	with	a	TBM	and	concrete	segments	[1,	3,	11‐12]	are	also	in	the	literature.	
Table	 1	 gathers	 experimental	 programs	 from	 the	 literature	 related	 to	 the	 behaviour	 of	
concrete	elements	subjected	to	concentrated	loads.	
The	studies	presented	in	Table	1	comprise	concrete	blocks	(B)	and	precast	concrete	
segments	(PS).	Some	of	these	studies	examined	real	tunnels	(e.g.,	the	Barcelona	Metro	Line	9	
in	 Spain	 [15],	Hydraulic	 Tunnel	 of	Montelirio	 in	Panama	 [17,	 20],	 the	Brenner	Base	Tunnel	
joining	 Italy	 and	 Austria	 [21]	 and	 the	 Prague	 Metro	 Line	 [21‐22]),	 while	 the	 rest	 are	
associated	with	research	projects	[13‐14,	18,	23‐24]).		Others	also	include	plain	concrete	(PC),	
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reinforced	concrete	(RC)	or	fibre	reinforced	concrete	elements.	
Table	1.	Previous	research	focused	on	FRC	elements	subjected	to	concentrated	loads		
Elements	 fc	(MPa)	
Dimensions		
(mm)	 Material	
Cf	
(kg/m3)	 Фf/λf	 Tests Load	
Numerical	
simulation	 Ref.
PS	
(RP)	 60	
3000x1000x300					
(panels)	
RC	 ‐ ‐
4	 Centred	jack	 3D‐FE	(ANSYS)	 [13]SFRC	
35 0.65/60
60	 0.65/60		0.92/65	
B	
(RP)	 60	 350x350x700	 SFRC	
35	 0.65/60	
	0.92/60	 12	
Centred	line	and	
point	loads	
(1)	3D‐FE	(ANSYS)
and	(2)	strut‐tie	
models	
[14]
60	
PS	
(MT)	 50	
900x520x175	
	(panels)	
RC+SFRC 30 1.00/65	 4	 Centred	&	eccentric	jack	
3D‐FE	elastic	
model	(ANSYS)	 [15]SFRC	 60	
PS	
(RP)	 75‐100	 3150x1420x300	
RC	 ‐	 ‐	
5	 Centred	jack		
(1)	3D‐FE	
(ABAQUS)	and	
(2)strut‐tie	
models	
[16]
SFRC	 60	 1.00/50	
PS	
(HT)	 35	 1840x1200x250	 SFRC	 40	 0.75/80	 1	 Centred	jack		 None	 [17]
PS	
(RP)	 60	 2359x1400x350	
PC	 ‐ ‐
9	
Centred	jack	on	
cantilevered	
supported	
segment		
None	 [18]SPFRC	 30+1	
0.75/80
+		
PP	fibres	40+1	
PS	
(RT)	 50	 3400x1500x200	
RC	 ‐ ‐ 2	 Centred	jack	 None	 [19]SFRC	 40 0.35/85
PS	
(HT)	 35	 1840x1200x250	 SFRC	 40	
0.35/85
3	 Centred	jack	 Design	with	MC2010	 [20]0.60/500.75/40
PT					
	(MT)	 60	 2570x1500x250	 SFRC	
40	 	 15	
Centred	jack	on	
uniformly	and	
cantilevered	
supported	
segment	
(1)	2D‐FE	
(ATENA)	and	(2)	
3D‐FE	for	the	full‐
scale	tests	on	
precast	segments	
[21] 	
[22]
50	 0.75/80	
B											
	(RP)	 75‐95	 300x150x150	
PC	 ‐ ‐
96	
Different	loaded‐
area	ratios	with	
varying	positions	
of	the	
concentrated	
load	
3D‐FE	(MSC‐Marc) [23]SFRC	
40
0.75/80	60
80
60	
0.90/65
0.71/85
0.55/55
PS	
(RP)	 150‐170	
1000x500x100	
	(reduced	scale)	
UHPC ‐ ‐ 2	 Centred	TBM	jack	simulation	 None	 [24]UHSFRC 236 0.20/80
PS:	precast	concrete	segment;	B:	concrete	block;	RP:	research	project;	MT:	metro	tunnel;	HT:	hydraulic	tunnel;	RT:	
road	tunnel;	RC:	reinforced	concrete;	SFRC:	steel	fibre	reinforced	concrete;	PC:	plain	concrete;	Cf:	amount	of	fibres;	
Фf:	diameter	of	the	fibre;	and	λf:	slenderness	ratio	of	the	fibre.	
In	 general,	 the	 forces	 from	 a	TBM’s	 thrust	 jacks	were	 emulated	 in	 the	 experimental	
programs	from	Table	1	as	centred	loads	applied	by	laboratory	testing	machines,	except	in	[15]	
and	[23],	which	also	 included	the	eccentricity	of	the	 load	as	a	parameter.	 	Although	 in	most	
cases	the	elements	were	uniformly	supported,	several	authors	[18,	21‐22]	tested	an	imperfect	
support	 between	 a	 placed	 ring	 and	 a	 segment	 being	 installed	 with	 a	 cantilevered	
configuration.	 Conversely,	 [23]	 analysed	 the	 effect	 of	 different	 loaded	 area	 ratios	 and	
positions	of	the	load.	
The	 influence	of	the	diameter	(Фf)	and	aspect	ratio	(λf)	of	the	fibres	were	studied	 in	
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several	experimental	programs.	Both	parameters	ranged	from	0.20	mm	to	1.00	mm	and	from	
40	 to	85,	 respectively.	 In	almost	all	 tests	except	 for	 [18],	 steel	 fibres	with	hooked	ends	and	
amounts	ranging	from	35	to	80	kg/m3	were	used.	Effects	on	the	variability	on	the	structural	
response	due	to	the	fibre	distribution	and	orientation	were	studied	by	[16]	and	[23].	A	special	
mention	 should	 be	 made	 to	 the	 experimental	 program	 conducted	 by	 [24]	 to	 evaluate	 the	
ultra‐high	performance	steel	 fibre	reinforced	concrete	(UHPSFRC)	as	a	potential	material	 to	
enhance	both	 the	mechanical	 and	durability	performance	of	 tunnel	 segments.	 In	 that	 study,	
UHPSFRCs	 with	 compressive	 strengths	 from	 150	 to	 170	 N/mm2	 and	 236	 kg/m3	 (3%	 by	
volume)	of	straight	steel	fibres	were	studied.	
Concerning	the	design,	it	should	be	noted	that	3D	finite	element	models	with	smeared	
crack	has	been	the	primary	approach	used	by	researchers	[13‐16,	21‐24]	to	simulate	the	jack	
thrust	of	a	TBM	numerically.	The	most	common	software	packages	applied	 for	 this	purpose	
were	 ABAQUS	 [25],	 ANSYS	 [26],	 ATENA	 [27]	 and	 MSC‐Marc	 [28]	 (see	 Table	 1).	 Other	
numerical	 studies	 have	 been	 performed	 by	 [29]	 and	 [30]	 in	 which	 different	 fibre	
reinforcement	 ratios	 and	 load	 configurations	 were	 evaluated.	 Particularly,	 in	 [29],	 a	 real	
failure	of	a	segment	used	at	the	Metro	Line	9	of	Barcelona	was	reproduced	numerically.		
Analytical	 models	 based	 on	 the	 struts	 and	 ties	 models	 (STMs)	 have	 also	 been	
recommended	 as	 a	 safe	 alternative	 to	 evaluate	 the	 splitting	 stresses	 and	 the	 reinforcement	
requirements	 of	 element	 subjected	 to	 concentrated	 loads	 [31‐33],	 particularly	 for	 precast	
concrete	 segments	 [34‐38].	 This	 simplified	 approach	 is	 interesting	 due	 to	 its	 easy	
implementation	and	adaptability	 to	 reproduce	 the	 stress	patterns	 caused	by	TBM	thrust.	 In	
[14],	 a	 study	 was	 performed	 to	 adjust	 the	 analytical	 expressions	 considering	 the	 fibre	
contribution	in	the	resistant	mechanism	as	well	as	to	adjust	the	depth	of	the	disturbance	zone.	
Despite	the	many	studies	in	the	literature,	most	study	elements	with	similar	height‐to‐
length	 ratios.	 To	 cover	 the	 wide	 variety	 of	 dimensions	 and	 loading	 patterns,	 additional	
experimental	 assessments	 are	 yet	 required.	 These	 studies	 could	 support	 the	 calibration	 of	
analytical	 formulations	 to	 assess	 the	 cracking	 and	 the	 failure	 load	 depending	 on	 the	
dimensions	of	the	elements.		
The	objective	 of	 the	 present	 paper	 is	 to	 extend	 the	 study	 of	 elements	 subjected	 to	
concentrated	 loads	 by	 considering	 different	 height‐to‐length	 ratios	 with	 and	 without	 fibre	
reinforcement.	The	goal	of	this	study	is	to	validate	simplified	analytical	formulations	that	may	
be	applied	for	the	verification	of	concrete	segments	in	SLS	and	ULS.	An	experimental	program	
was	also	conducted	with	small‐scale	specimens;	the	associated	results	were	used	to	validate	
the	 formulations	derived	using	 similar	 studies	 from	 the	 literature.	 Finally,	 an	 application	of	
the	formulation	is	proposed	to	the	case	study	of	Line	9	in	Barcelona	is	presented.	This	study	
represents	 a	 contribution	 toward	 the	development	 of	 simplified	 tools	 for	 the	design	 of	 SLS	
and	ULS	segmented	linings.		
2. EXPERIMENTAL	PROGRAM	
The	experimental	program	consisted	of	the	assessment	of	the	mechanical	response	of	
small‐scale	concrete	specimens	with	different	dimensions	subjected	to	concentrated	loads.	To	
consider	 the	 typical	 variety	 of	materials	 applied	 in	 segmented	 linings,	 specimens	were	 cast	
with	4	concrete	series	with	the	compositions	indicated	in	Table	2.	The	series	PC‐40	and	PC‐
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50	 correspond	 to	 plain	 concrete	with	 compressive	 strengths	 [39]	 (fc)	 of	 40	N/mm2	 and	 50	
N/mm2,	 respectively.	 The	 series	 SFRC‐40	 and	 SFRC‐50	 correspond	 to	 steel‐fibre‐reinforced	
concrete	with	 equivalent	 strength	 class.	Hooked–end	 steel	 fibres	with	60	mm	of	 length	 (lf),	
0.75	mm	of	diameter	(Фf)	and	yield	modulus	(ff)	of	1050	N/mm2	were	used	in	the	latter	type.	
	
Table	2.	Composition	of	concrete	series	(in	kg/m3)	
Material	 PC‐40	 SFRC‐40	 PC‐50	 SFRC‐50	
Cement	CEM	I	52,5R	 300	 300	 400	 400	
Marble	powder	 350 350 250 250	
Sand	0‐3	(mm)	 510	 510	 510	 510	
Aggregate	2.5/6	(mm)	 400	 400	 400	 400	
Aggregate	6/15	(mm) 520 520 520 520	
ADVA	Flow	400	 12	 12	 12	 12	
Water	 150 150 178 178	
Steel	fibres	 ‐	 40	 ‐	 40	
	
In	total,	32	concrete	blocks	were	cast	with	the	dimensions	shown	in	Figure	2.	In	this	
sense,	a,	b	and	hT	represent	the	length,	width	and	height	of	the	concrete	blocks,	respectively.	
a1,	b1	and	h1	correspond	to	the	length,	width	and	height	of	the	support	plate,	respectively.	The	
concrete	was	 poured	 directly	 into	 a	 four‐compartment	mould	 (see	Figure	3a)	 placed	 on	 a	
vibrating	 table.	As	 shown	 in	Figure	3b,	metal	 bushings	were	 installed	 on	both	 sides	 of	 the	
larger	moulds.		
	
	
	
	
	
	
	
	
	
	
	
Figure	2.	(a)	Three‐view	plan	schematic	of	the	instrument	set‐up;	and	(b)	dimensions	of	the	
blocks	and	support	plates.	
In	 addition	 to	 the	 elements	 used	 in	 the	 concentrated	 load	 tests,	 12	 cylindrical	
specimens	(Ф15×30	cm),	12	cylindrical	specimens	(Ф15×30	cm)	and	16	cylindrical	specimens	
(Ф15×15	cm)	were	cast	and	used	 to	assess	 the	compressive	and	 tensile	 strengths	using	 the	
Brazilian	 test	 [40]	 and	 the	 residual	 using	 the	 Barcelona	 test	 [41‐43],	 respectively.	 	 All	
specimens	were	produced	on	 the	 same	day	 in	 the	 same	ambient	 conditions.	The	specimens	
were	stored	under	controlled	conditions	at	a	temperature	of	20±1	°C	and	an	average	relative	
humidity	HR	≥	95%	until	testing.		
During	 the	 tests,	 the	blocks	were	 supported	by	 a	 rigid	 steel	 plate,	 and	 the	 load	was	
applied	by	the	system	presented	in	Figure	4.	Similarly,	two	Temposonic	displacement	sensors	
were	fastened	to	the	block	in	a	horizontal	orientation	at	the	middle	on	both	sides.	The	loading	
a1	
b	
a	
LVDT	
	Steel	plate	
			 b1	
h1	
hT	
a)	
a	 a1	 b	 b1	 hT	 h1	
200	 150*	 150	 150	 300	 50	
250	 150*	 150	 150	 300	 50	
400	 150	 150	 150	 300	 50	
750	 150	 150	 150	 300	 50	
*	For	the	series	SFRC40	with	the	length	a	=	200	and	250	mm,	
the	width	of	the	plate	is	a1	=	50	mm.	
b)	
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rate	was	0.2	MPa/s,	and	the	tests	were	stopped	once	failure	was	detected.		
3. TEST	RESULTS	AND	ANALYSIS	
Table	 3	 shows	 the	 results	 of	 the	 characterization	 tests	 carried	 out	 28	 days	 after	
casting.	 fcm	 is	 the	average	compressive	concrete	strength,	and	 fctm1	and	 fctm2	are	 the	average	
tensile	strengths	obtained	from	the	Barcelona	and	Brazilian	tests,	respectively.		
																		 	
Figure	3.	Production	of	the	concrete	blocks:	(a)	dimensions	of	the	moulds	(in	mm);	and	(b)	
different	views	during	casting.	
	
	
	
	
	
	
	
	
Figure	4.	Concentrated	load	test	configuration	
Table	3.	Test	results	of	the	characterization	specimens	(in	N/mm2)	
Series	 Compression	Test Barcelona	Test Brazilian	Test	
fcm	 CV	(%)	 fctm1	 CV	(%)	 fctm2	 CV	(%)		
PC‐40	 43.7	 1.1	 4.33	 1.7	 4.33	 2.5	
SFRC‐40	 39.4	 1.9 3.99 5.4 4.74 9.2	
PC‐50	 53.3	 0.9	 4.09	 5.4	 4.40	 5.6	
SFRC‐50	 51.8	 0.9 4.32 1.9 4.49 2.4	
	
0	 25	
0	
7.5	
7.5	
Lateral	view
Top	view
75	40
a)	
b)	
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As	expected,	the	PC	specimens	presented	slightly	higher	strengths	presumably	due	to	
the	occluded	air	that	the	use	of	fibres	leads	to	in	SFRCs.	The	compressive	strengths	that	were	
expected	 based	 on	 the	 materials’	 compositions	 were	 achieved	 (Table	 2).	 	 It	 is	 worth	
mentioning	that	the	Barcelona	tests	presented	lower	values	of	the	coefficient	of	variation	(CV)	
than	those	from	the	Brazilian	tests.	
It	 was	 observed	 that	 most	 of	 the	 blocks	 cracked	 in	 three	 stages	 during	 the	
concentrated	 load	 tests.	 As	 shown	 in	 Figure	5,	 in	 the	 first	 stage,	 a	 crack	 is	 caused	 due	 to	
bursting	 according	 to	 the	 equilibrium	 conditions.	 This	 is	 the	 main	 crack	 that	 progresses	
through	the	depth	of	the	specimen	as	the	load	increases.	In	the	second	stage,	diagonal	cracks	
(i.e.,	 secondary	 cracks	 with	 angle	 β)	 appear	 as	 a	 result	 of	 compatibility	 demands	 on	 the	
deformed	shape;	they	appear	to	start	at	the	upper	support	plate	and	end	at	the	bottom	of	the	
block	 and	 are	 likely	 caused	 by	 spalling	 stress.	 Finally,	 in	 the	 third	 stage,	 a	 cone	 wedge	 is	
formed	beneath	the	load	transmission	plate	due	to	the	triaxial	compressive	stress.	This	wedge	
penetrates	through	the	main	bursting	crack,	provoking	the	physical	separation	of	two	semi‐
blocks	and	decreasing	the	bearing	load.	 	However,	the	third	stage	was	not	always	present	in	
plain	concrete	blocks	due	to	a	brittle	rupture	in	the	second	stage.	This	is	mainly	caused	by	the	
lack	 of	 reinforcement,	 which	 reduces	 internal	 equilibrium	 restoring	 capacity	 after	 the	 first	
bursting	crack	occurs.	
Figure	5.	Different	crack	patterns	observed	in	the	tests	during	the	loading	process	
The	load‐vertical	displacement	(δ)	curves	of	the	concrete	blocks	grouped	by	the	same	
block	length	a	are	presented	in	the	Figure	6.	The	curves	correspond	to	the	average	values	of	
each	series.	Similarly,	Table	4	shows	the	results	of	the	first	crack	load	(Fcr)	and	the	maximum	
load	(Fmax).	The	nomenclature	established	to	refer	to	the	concrete	blocks	is	“Concrete	Type‐fc‐
a‐a/a1”.	
Figs.	6a	and	6b	and	Table	4	show	that	the	series	SFRC‐40‐200‐4.0	and	SFRC‐40‐250‐
5.0	(grey‐shaded),	for	which	a	50x150x50	m3	steel	plate	was	used	instead	of	the	150x150x50	
mm3	steel	plate	used	for	the	other	series,	have	a	lower	load	bearing	capacity	than	the	series	
PC‐40‐200‐1.3	 and	 PC‐40‐250‐1.7.	 Considering	 that	 both	 series	 present	 similar	 tensile	
concrete	 strengths	 (Table	3),	 this	 effect	 could	be	attributed	 to	 the	 ratio	a/a1	as	 it	 has	been	
proven	numerically	 [9]	and	experimentally	 [23].	 In	this	regard,	 the	decrease	of	a1	 leads	to	a	
I	 II	
α
II	
Spalling					
cracks	
I
Bursting	
crack	
	β	
III
Wedge
F	
δ
III	
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stress	concentration	above	the	steel	plate	and	an	increase	of	the	bursting	stresses.	
Conversely,	the	results	also	show	that	the	bearing	capacity	increases	with	the	length	of	
the	block	and	that	the	load	Fmax	ranges	from	2.0	to	3.0	times	the	load	Fcr.	These	results	reveal	
the	high	internal	capacity	of	the	system	to	redistribute	stresses	by	means	of	both	equilibrium	
and	 compatibility	 cracks.	These	 load	 increases	are	also	observed	 for	both	unreinforced	and	
fibre	reinforced	concrete	blocks.	The	use	of	40	kg/m3	of	steel	 fibres	has	also	been	shown	to	
lead	to	slight	differences	in	Fmax	with	respect	to	the	PC	series.	However,	PC	blocks	presented	
only	 3	main	 cracks	 (1	 bursting	 and	 2	 spalling	 cracks),	 as	 shown	 in	Figure	7a,	 while	 SFRC	
blocks	 (see	Figure	7b)	 exhibit	 this	 same	 crack	 pattern	with	more	 secondary	 cracks	 due	 to	
from	the	higher	internal	distribution	capacity	produced	by	the	fibres.	This	fact	is	interesting	in	
terms	 of	 crack	 width	 and	 service	 limit	 state	 of	 the	 precast	 segments	 during	 the	 TBM	 jack	
action.	
	
Figure	6.	Load	‐	displacement	curves	of	the	concrete	blocks	
Table	4.	Experimental	loads	Fcr	and	Fmax		measured	(in	kN)	
	 	 Length	of	the	block	(a)	
Series	 Load	 200	mm 250	mm 400	mm 750	mm	
PC‐40	 Fcr	 401	 412	 398	 421	 640	 625	 708	 780	Fmax	 1049	 1038 976 1081 1287 1200 1340	 ‐	
SFRC‐40	 Fcr	 396	 415	 372	 376	 611	 650	 672	 647	Fmax	 536	 570	 535	 571	 1250	 1305 1299	 1360	
PC‐50	 Fcr	 417	 417 416 452 ‐ ‐ ‐	 ‐	Fmax	 1166	 1107	 1167 1108 ‐	 ‐	 ‐	 ‐	
SFRC‐50	 Fcr	 435	 423 520 533 630 652 712	 718	Fmax	 1250	 1150	 1225 ‐	 1485	 1450 1604	 1459	
To	calibrate	the	model	presented	in	this	paper,	additional	measurements	of	the	crack	
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patterns	were	performed.	 Specifically,	 the	 angle	β	 of	 the	 secondary	 cracks	 starting	 beneath	
the	steel	plate	were	measured	in	all	tested	specimens,	yielding	an	average	value	of	23°	with	a	
CV	of	9.2%.	Similarly,	the	dimensions	of	the	cone	wedge	(see	Figure	8)	formed	during	the	3rd	
loading	 stage	 (Figure	5)	 were	 also	measured.	 It	 was	 observed	 that	 the	 height	 of	 the	 cone	
wedge	(h)	was	approximately	equal	to	the	length	of	the	support	plate	(a1).	The	average	value	
of	the	angle	α	formed	between	the	upper	face	of	the	block	and	the	lateral	surface	of	the	cone	
was	63°	(CV	=	2.2%).		
	
	
	
	
	
	
	
	
	
	
					Figure	7.	Crack	patterns	observed	in:	(a)	a	PC‐40‐750	block;	and	(b)	an	SFRC‐40‐750	block	
	
	
			
	
	
	
	
	
	
Figure	8.	Cone	wedge	formed	during	the	last	loading	stage	
4. PROPOSED	STRUT	AND	TIE	MODELS	TO	ASSESS	Fcr	and	Fmax	
4.1. Introduction	
Based	 on	 the	 analysis	 of	 the	 experimental	 results	 previously	 made,	 a	 strut‐and‐tie	
model	(STM)	was	adopted	to	assess	the	value	of	the	loads	Fcr	and	Fmax.	These	depend	on	the	
relationship	between	the	total	block	height	(hT)	and	its	length	(a).	Thus,	the	concrete	blocks	
were	divided	into	two	groups:	short	blocks	(hT	≥	a)	and	long	blocks	(hT	<	a).		
In	short	blocks,	F	can	be	distributed	along	a	disturbance	length,	namely	h,	and	reach	a	
uniformly	distributed	stress	pattern	(σ)	within	the	total	length	of	the	block	hT	[8];	therefore,	
this	stress	pattern	is	also	uniform	at	the	support	of	the	block.	Conversely,	in	long	blocks,	this	
stress	pattern	is	non‐uniform	at	the	base.		
According	 to	 this	 classification,	 the	 blocks	with	a	 =	 200	 and	 250	mm	belong	 to	 the	
short	 block	 group,	 and	 those	 with	 a	 =	 400	 and	 750	 mm	 belong	 to	 the	 long	 block	 group.	
Therefore,	the	proposed	model	was	discussed	in	accordance	with	these	two	groups.	
β=20°	
(a) 
β=27° β=23°	
(b) 
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4.2. Cracking	Load	Fcr		
4.2.1. Short	blocks	hT		a		
In	 the	 short	block	 series,	 the	 STM	 depicted	 in	Figure	9a	 was	 used.	 This	 consists	 of	
compression	members	(i.e.,	struts)	and	tension	members	(i.e.,	 ties),	which	were	depicted	by	
dashed	 and	 solid	 line,	 respectively.	 Considering	 the	 symmetry	 of	 the	 problem,	 F	 can	 be	
decomposed	into	loads	F/2	acting	at	a	distance	a1/4	from	the	vertical	symmetry	axis.		
Under	the	loading	area,	a	confined	zone	was	assumed	to	exist	where	the	compressive	
stresses	 are	 uniform	 and	 constant;	k1a1	 was	 assumed	 to	 be	 the	 depth	 of	 this	 zone.	 The	k1	
coefficient	 can	 be	 defined	 based	 on	 experimental	 results	 or	 in	 accordance	 with	 existing	
regulations.	 	Additionally,	h,	which	 is	 also	 called	 the	 fictitious	height	 or	 disturbance	 length,	
represents	 the	 required	 depth	 that	 guarantees	 a	 uniform	 distribution	 of	 stresses;	 h	 ≈	 a	
according	to	Saint	–	Venant.	
	
	
	
	
	
	
	
	
	
	
	
		
		Figure	9.	(a)	Proposed	STM	for	short	blocks;	and	(b)	the	determination	of	h	
The	 equilibrium	 equation	 resulting	 from	 the	 lattice	 system	 presented	 in	 Figure	9a	
results	in	Eq.	(1)	that	permits	the	calculation	of	T.	
															ࢀ ൌ ࡲሺࢇ െ ࢇ૚ሻ4ሺࢎ െ 2࢑૚ࢇ૚ሻ																																																																																																																												ሺ1ሻ	
Assuming	a	parabolic	distribution	of	the	tensile	stresses	acting	perpendicularly	along	
the	vertical	axis	and	establishing	the	proper	boundary	conditions,	the	maximum	tensile	stress	
σct,max	=	3T/2A	can	be	derived	[44]	with	A	=	b(h‐k1a1)	being	the	area	subjected	to	this	stress	
pattern.	Thus,	from	Eq.	(1)	and	σct,max	,	Eq.	(2)		can	be	obtained.		
															࣌ࢉ࢚,࢓ࢇ࢞ ൌ 3ࢀ2࢈ሺࢎ െ 2࢑૚ࢇ૚ሻ ൑ ࢌࢉ࢚																																																																																																				ሺ2ሻ	
The	cracking	load	Fcr	can	be	calculated	by	combining	Eqs.	(1)	and	(2)	and	letting	that	
σctmax	=	fct,	obtaining	Eq.	(3).	
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															ࡲࢉ࢘ ൌ 8࢈
ሺࢎ െ 2࢑૚ࢇ૚ሻሺࢎ െ ࢑૚ࢇ૚ሻ
3ሺࢇ െ ࢇ૚ሻ ࢌࢉ࢚																																																																																										ሺ3ሻ	
For	this	research	project,	k1	=	0.33	was	adopted	because	the	parametric	study	of	[45]	
showed	 that	 this	 value	 is	 the	most	 representative	 the	 triaxial	 compressive	 state	 generated	
below	the	loading	plate.	A	function	h	=	f	(a,	a1)	has	also	been	calibrated	from	the	experimental	
results	presented	 in	 [8,	46‐47]	 (Figure	9b).	 In	 these	 studies,	different	 concrete	blocks	with	
varying	 dimensions,	 concrete	 strengths	 and	 load	 types	were	 investigated.	 The	 values	 of	Fcr	
obtained	in	these	experiments	in	conjunction	with	Eq.	(3)	have	been	used	to	calibrate	Eq.	(4).			
															ࢎ ൌ 0.88ࢇ െ 0.10ࢇ݈݊ ቀࢇ૚ࢇ ቁ																																																																																																													ሺ4ሻ	
Eq.	 (4)	 is	 consistent	 because	 for	a1	≈	 0	 (i.e.,	 a	 point	 load),	 the	disturbance	 length	 is	
infinite	while	for	a1	≈	a,	and	the	ratio	h/a	tends	to	0.88.	Saint–Venant	also	proposed	h/a	≈	1	
independently	of	the	loaded	area	ratio.		 	
	
4.2.2. Long	blocks	(hT	<	a)	
For	long	blocks,	according	to	the	Saint‐Venant	principle,	the	stress	pattern	at	the	base	
of	the	block	is	non‐uniform	(see	Figure	10)	because	h	>	hT	.	Additionally,	it	has	been	observed	
experimentally	that	the	mechanism	can	be	represented	by	two	blocks:	(1)	an	active	block	with	
a	 length	a3	compressed	within	the	two	cracks	inclined	at	an	angle	β, which is	responsible	the	
transmission	of	the	external	 load	F	 transmission;	and	(2)	two	lateral	blocks	that	confine	the	
internal	active	block	laterally	and	contribute	to	the	transfer	of	the	shear	stresses	either	by	the	
aggregate	interlock	mechanisms	or	by	the	action	of	the	fibres.		
			
Figure	10.	Proposed	STM	for	long	blocks	
The	 model	 proposed	 assumes	 that	 the	 maximum	 pressure	 q1	 is	 reached	 at	 the	
intersection	of	the	base	with	the	vertical	symmetry	axis.	This	pressure	decrease	linearly	to	q1	
θ
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at	the	edge	of	the	active	block.	This	stress	distribution	results	 in	both	F/2	forces,	which	are	
located	 close	 to	 the	 vertical	 axis;	 consequently,	 the	 internal	 equilibrium	 forces	 reduce	 its	
magnitude	to	T	with	respect	to	those	forces	obtained	in	short	blocks.		
Additional	 hypotheses	 should	 be	 established	 to	 determine	 the	 magnitude	 of	 T:	 (1)	
there	is	a	fictitious	height	h	>	hT	in	which	the	stress	qa	=	F/a3b	is	uniformly	distributed;	and	(2)	
the	support	pressures	q1	and	q2	vary	between	qa1	=	F/a1b	and	qa.	Assuming	these	hypotheses,	
Eqs.	(5)	and	(6)	can	be	derived	to	assess	q1	and	q2,	respectively.	
															ࢗ૚ ൌ ࡲࢇ૚࢈ ቈ1 െ
ࢎࢀሺࢇ૜െࢇ૚ሻ
ࢇ૜ࢎ ቉																																																																																																											ሺ5ሻ	
															ࢗ૛ ൌ ૛ࡲࢇ૜࢈ െ ࢗ૚																																																																																																																																			ሺ6ሻ	
To	obtain	q2	 <	0	 in	Eq.	 (6),	 the	 stress	distribution	 can	be	 assumed	 to	be	 triangular;	
thus,	 the	pressures	become	q2	=	0	and	q1	=	2F/a3b	 and	a2	 =	a3/6.	Furthermore,	by	applying	
geometrical	considerations,	the	restriction	expressed	by	Eq.	(7)	can	be	established.			
															ࢇ૜ ൌ ࢇ૚ ൅ 2ࢎࢀݐܽ݊ࢼ ൑ ࢇ																																																																																																																	ሺ7ሻ	
By	imposing	the	resulting	force	from	the	non‐uniform	pressure	pattern	equal	to	F/2,	
Eq.	(8)	can	be	obtained.	This	allows	the	calculation	of	a2.	
															ࢇ૛ ൌ ࢇ૜6 ൬
ࢗ૚ ൅ 2ࢗ૛
ࢗ૚ ൅ ࢗ૛ ൰																																																																																																																									ሺ8ሻ	
Following	the	same	criteria	established	to	derive	Eqs.	(1‐3)	for	short	blocks,	Eq.	(9)	can	
be	deduced	to	obtain	the	value	of	Fcr	for	long	blocks.					
															ࡲࢉ࢘ ൌ 8࢈
ሺࢎ െ 2࢑૚ࢇ૚ሻሺࢎ െ ࢑૚ࢇ૚ሻ
3ሺ4ࢇ૛ െ ࢇ૚ሻ ࢌࢉ࢚																																																																																										ሺ9ሻ	
Using	the	experimental	values	of	Fcr	for	long	blocks	in	[2],	the	calibrated	Eq.	(10)	can	
be	used	to	assess	the	value	of	h.	
															ࢎ ൌ 0.71ࢇ െ 0.22ࢇ૜݈݊ ቀࢇ૜ࢇ ቁ																																																																																																								ሺ10ሻ	
4.3. Maximum	load	Fmax	
It	 has	 been	 observed	 experimentally	 that	 the	 blocks	 were	 divided	 into	 two	 main	
sections	 after	 cracking	 (Figure	 11).	 This	 causes	 a	 drastic	 change	 in	 the	 internal	 stress	
distribution	 that	 is	 difficult	 to	 assess	 analytically.	 In	 such	 a	 situation,	 the	 two	 parts	 are	
subjected	to	loads	with	an	eccentricity	k2a,	which	leads	to	a	flexural‐compression	state	in	each	
independent	part.	
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Figure	11.	Theoretical	scheme	of	the	fissure	formed	during	the	block	test		
By	 imposing	 the	 classical	 formula	 of	 mechanics	 of	 the	 materials,	 the	 maximum	
compressive	stress	σcc,max	acting	at	the	central	part	of	the	block	can	be	assessed	(Eq.	(11)).	
															࣌ࢉ,࢓ࢇ࢞ ൌ ࡲ࢓ࢇ࢞ 2
⁄
࢈ࢇ૜ 2⁄ ൅
ࡲ࢓ࢇ࢞ 2⁄ ሺࢇ૜ 4⁄ െ ࢑૛ ࢇ૚ 2⁄ ሻ
࢈ሺࢇ૜ 2⁄ ሻଷ 12⁄
ࢇ૜
4 ൌ
ࡲ࢓ࢇ࢞
࢈ࢇ૜ଶ ሺ4ࢇ૜ െ 6࢑૛ࢇ૚ሻ															ሺ11ሻ	
Assuming	 that	 the	 failure	 of	 the	 block	 is	 reached	 when	 the	 maximum	 compressive	
stress	 equals	 the	compressive	 strength	of	 the	concrete	 (σcc,max	=	 fc),	 the	value	of	Fmax	can	be	
derived	from	Eq.	(11)	obtaining	Eq.	(12).	
															ࡲ࢓ࢇ࢞ ൌ ࢈ࢇ૜
ଶ
4ࢇ૜ െ 6࢑૛ࢇ૚ ࢌࢉ																																																																																																															ሺ12ሻ	
It	should	be	highlighted	 that	Fmax	depends	on	 the	geometric	variables	(b,	a1	and	a3),	
the	 concrete	compressive	 strength	 fc	 and	 the	eccentricity	 factor	k2	 of	 the	 load	 in	 the	 failure	
regime.	It	is	also	important	to	note	that	the	contribution	of	the	fibres	is	not	taken	into	account	
in	 the	 failure	state	because	of	 their	minimal	 impact,	as	 shown	 in	Table	4	by	comparing	 the	
values	of	Fmax	 for	PC	and	SFRC	blocks.	With	 larger	amounts	of	 fibres,	 the	 failure	mechanism	
might	 change,	 and	 the	 contribution	 of	 the	 fibres	 should	 be	 considered	 in	 the	 analysis;	
otherwise,	 the	 value	 of	 Fmax	 assessed	 would	 be	 underestimated.	 Additionally,	 the	 precast	
segments	are	designed	so	that	the	cracking	is	not	allowed	during	the	placing	operations.	
In	 Eq.	 (12),	 a3	 can	 be	 determined	 by	 Eq.	 (7);	 k2	 should	 be	 derived	 from	 Eq.	 (13)	
(Figure	12),	which	has	been	calibrated	with	the	experimental	values	of	Fmax	presented	in	[8]	
and	considering	Eq.	(12):	
															࢑૛ ൌ ݁ି଴.଻଴
ࢇ૚
ࢇ૜																																																																																																																																				ሺ13ሻ										
Eq.	(13)	is	shown	to	be	consistent	with	the	physical	phenomena:	for	a	point	load	(a1	≈	
0),	the	ratio	a1/a3	≈	0,	and	consequently,	k2	≈	1.0,	meaning	that	the	load	F/2	is	applied	at	the	
internal	edge	of	the	plate	in	the	failure	regime.	Contrarily,	if	a1	=	a3	(a1/a3	=	1.0),	then	k2	tends	
towards	0.5,	and	therefore,	F/2	is	applied	at	a	distance	a1/4	from	the	vertical	axis	of	the	block,	
which	coincides	with	the	central	point	of	the	symmetry	axis	of	the	loading	semi‐plate.		
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Figure	12.	Values	of	k2	derived	from	the	experimental	values	of	Fmax	presented	in	[2]		
4.4. Comparing	the	experimental	and	theoretical	values	of	Fcr	and	Fmax	
Tables	5	and	6	present	both	the	experimental	results	and	the	theoretical	values	of	Fcr	
and	Fmax	estimated	using	Eqs.	(3)	and	(9)	for	Fcr		and	Eq.	(12)	for	Fmax.	
	
Table	5.	Comparison	between	theoretical	and	experimental	average	values	for	Fcr	(relative	error	in	%)	
Specimen	 Exp.	 Th.	 Specimen	 Exp.	 Th.	
PC‐40‐200‐1.3	 407	 379	(6.9)	 PC‐50‐200‐1.3	 417	 358	(14.1)	
PC‐40‐250‐1.7	 409	 425	(‐3.9)	 PC‐50‐250‐1.7	 434	 401	(7.6)	
PC‐40‐400‐2.7	 633	 725	(‐14.5)	 PC‐50‐400‐2.7	 ‐	 ‐	
PC‐40‐750‐5.0	 744	 750	(‐0.8)	 PC‐50‐750‐5.0	 ‐	 ‐	
SFRC‐40‐200‐5.0	 406	 340	(16.3)	 SFRC‐50‐200‐1.3	 429	 378	(11.9)	
SFRC‐40‐250‐4.0	 374	 441	(‐17.9)	 SFRC‐50‐250‐1.7	 527	 424	(19.5)	
SFRC‐40‐400‐2.7	 631	 668	(‐5.9)	 SFRC‐50‐400‐2.7	 641	 724	(‐12.9)	
SFRC‐40‐750‐5.0	 660	 691	(‐4.7)	 SFRC‐50‐750‐5.0	 715	 748	(‐4.6)	
Table	6.	Comparison	between	theoretical	and	average	experimental	values	for	Fmax	(relative	error	in	%)	
Specimen	 Exp.	 Th.	 Specimen	 Exp.	 Th.	
PC‐40‐200‐1.3	 1044	 980	(6.1)	 PC‐50‐200‐1.3	 1137	 1195	(5.1)	
PC‐40‐250‐1.7	 1029	 1003	(2.5)	 PC‐50‐250‐1.7	 1138	 1223	(7.5)	
PC‐40‐400‐2.7	 1244	 1156	(7.1)	 PC‐50‐400‐2.7	 ‐	 ‐	
PC‐40‐750‐5.0	 1340	 1162	(13.3)	 PC‐50‐750‐5.0	 ‐	 ‐	
SFRC‐40‐200‐5.0	 553	 431	(22.1)	 SFRC‐50‐200‐1.3	 1200	 1161	(3.3)	
SFRC‐40‐250‐4.0	 553	 500	(9.6)	 SFRC‐50‐250‐1.7	 1225	 1187	(3.1)	
SFRC‐40‐400‐2.7	 1278	 1041	(18.5)	 SFRC‐50‐400‐2.7	 1468	 1368	(6.8)	
SFRC‐40‐750‐5.0	 1330	 1047	(21.3)	 SFRC‐50‐750‐5.0	 1532	 1375	(10.2)	
	
The	results	presented	 in	the	Table	5	highlight	 the	suitability	of	 the	analytical	model	
proposed	 to	 assess	 Fcr	 of	 both	 short	 and	 long	 blocks.	 The	 STM	 leads	 to	 a	 maximum	
underestimation	for	Fcr	of	16.3%	(SFRC‐40‐200‐5.0)	with	respect	to	the	experimental	value;	
conversely,	 maximum	 overestimation	 of	 ‐17.9%	 (SFRC‐40‐250‐4.0)	 is	 also	 calculated.	 The	
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absolute	average	relative	error	of	Fcr	was	calculated	to	be	10.1%.	Considering	these	results,	it	
can	 be	 assumed	 that	 these	 are	 satisfactory	 in	 terms	 of	 design	 because,	 although	 there	 is	 a	
certain	 deviation	 of	 the	 proposed	 model,	 these	 errors	 are	 limited	 and	 lower	 than	 those	
inherent	errors	accepted	for	the	materials’	strengths.	Despite	being	an	SLS,	safety	factors	for	
Fcr	applied	during	the	design	procedure	usually	exceed	1.5.	
It	 can	 be	 confirmed	 from	 the	 results	 of	 Table	 6	 that	 the	 agreement	 between	 the	
experimental	and	theoretic	results	of	obtained	with	the	proposed	STM	are	even	better	with	
respect	to	those	of	Fcr.	The	maximum	and	minimum	relative	errors	are	22.1%	(SFRC‐40‐200‐
5.0)	and	2.5%	(PC‐40‐250‐1.7),	respectively,	and	the	average	 is	9.8%.	Therefore,	 taking	 into	
account	the	aforementioned	for	Fcr,	these	results	also	highlight	the	suitability	of	the	analytical	
model	to	assess	the	value	of	Fmax.	The	assessment	of	load	is	thus	not	relevant	to	the	calculation	
of	Fcr	in	the	design	of	precast	concrete	segments.						
5. APPLICATION	TO	LINE	9	IN	BARCELONA	
Because	 the	 formulations	 that	 estimate	 the	 cracking	 and	 ultimate	 loads	 have	 been	
proposed,	an	application	is	now	considered	regarding	the	segmented	lining	in	Metro	Line	9	in	
Barcelona.	The	tunnel	is	constructed	with	an	EPB	TBM	that	excavates	an	external	diameter	of	
11890	mm.	The	reinforced	concrete	ring	 installed	has	an	 internal	diameter	of	10900	mm,	a	
thickness	of	350	mm	and	an	average	width	of	1800	mm.	As	shown	in	Figure	13,	the	TBM	is	
composed	by	7	segments	and	a	key.	The	ratio	between	the	thickness	and	the	diameter	of	the	
ring	is	approximately	31,	whereas	most	tunnels	have	the	same	parameter	between	20	and	25.	
The	high	slenderness	of	the	ring	from	the	Metro	Line	9	in	Barcelona	in	comparison	with	other	
tunnels	may	lead	to	the	application	of	higher	stress	levels	to	the	segment.	Together	with	the	
possible	eccentricity	of	the	jacks,	this	might	increase	the	risk	of	bursting	cracks.	
	
	
Figure	13.	Detail	of	ring	(a),	front	(b)	and	top	view	(c)	of	load	application	in	the	segment		
During	 the	 construction	 process,	 the	 load	 required	 to	 generate	 enough	 pressure	 to	
excavate	the	front	face	and	to	advance	the	TBM	is	generated	by	15	pairs	of	thrust	jacks.	Each	
pair	transmits	the	forces	to	a	20	mm	thick	steel	plate,	known	as	a	pad.	The	pads	transmit	this	
force	to	the	recently	installed	ring	that	acts	like	a	reaction	frame.	Segments	A1,	A2,	A3,	A4,	A5,	
B	and	C	receive	the	load	from	two	pads,	whereas	the	key	segment	receives	the	load	from	only	
one	 pad.	 Figures	13b	 and	13c	 depict	 a	 front	 view	 and	 a	 top	 view	 of	 the	 load	 application	
(b)(a) Maximum 
width 
Distances in mm 
(c)
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points.		
Notice	 that	 a	design	eccentricity	of	79	mm	towards	 the	centre	of	 the	ring	 is	 already	
considered	 in	 the	 project	 (Figure	13c).	 Such	 eccentricity	 is	 intentionally	 used	 to	 generate	
compressive	 forces	 in	 the	 longitudinal	 joints,	 thus	 reducing	 the	 risk	 of	 collapse	 when	 the	
segments	are	still	inside	the	TBM,	and	only	a	small	compression	exists.	The	magnitude	of	the	
load	applied	by	the	thrust	jacks	during	the	construction	process	will	depend	on	the	properties	
of	the	ground	excavated,	the	position	of	the	segment	inside	the	ring,	and	the	curvature	of	the	
stretch,	among	other	factors.	In	[47],	there	is	an	extensive	study	of	the	variability	of	the	forces	
applied	in	Line	9	in	Barcelona.	The	results	suggest	that	the	average	load	during	construction	is	
2600	kN/pad.	However,	in	[48],	the	maximum	load	is	found	to	be	approximately	4660	kN/pad.	
The	latter	is	taken	as	a	reference	for	the	calculations	performed	here.	
Depending	on	the	magnitude	of	the	load	and	the	support	conditions	of	the	segments,	
different	 types	of	 damage	 could	occur	 in	 the	 segments	during	 construction.	According	with	
the	 study	 performed	 by	 the	 Japanese	 Society	 of	 Civil	 Engineers,	most	 damage	 is	 associated	
with	 the	 handling	 of	 the	 segments	 and	 with	 the	 application	 of	 the	 thrust	 forces	 when	 the	
segments	are	leaving	the	shield	[49].	Although	not	the	most	frequent	type,	one	of	the	possible	
types	of	damage	that	might	occur	in	this	last	situation	is	depicted	in	Figure	14.		
Figure	14	shows	only	half	of	the	top	view	of	the	segment	from	Line	9	in	Barcelona	with	
a	crack	parallel	to	the	width	that	starts	closer	to	the	point	of	application	of	the	load	from	the	
thrust	 jacks.	 The	mechanism	 of	 crack	 formation	 in	 this	 case	 is	 similar	 to	 that	 described	 in	
Sections	3	and	4	of	this	study.	Due	to	the	dimensions	of	the	segment	and	the	reduced	area	of	
the	pads,	the	segment	behaves	like	a	block	subjected	to	concentrated	loads.	In	fact,	these	loads	
produce	tensile	stresses	that	might	crack	and	even	produce	a	failure	of	the	segments.	Notice	
that	even	if	the	support	provided	by	the	previous	ring	installed	was	perfect,	failure	might	still	
take	place.	
The	 formulation	 developed	 here	 might	 be	 used	 to	 predict	 the	 safety	 factor	 (SF)	 in	
service	 and	 in	 ultimate	 limit	 states	 related	 with	 this	 type	 of	 damage.	 To	 perform	 this	
estimation	following	the	project	specifications,	it	is	assumed	that	a	segment	should	not	crack	
in	 service.	 Additionally,	 the	 characteristic	 compressive	 (fc)	 and	 tensile	 (fct)	 strengths	 of	
concrete	are	50	N/mm2	and	2.7	N/mm2,	 respectively.	The	height	of	 the	 segment	hT	 is	1800	
mm,	 the	 length	 of	 the	 load	 application	 a1	 equals	 that	 of	 the	 pad	 (i.e.,	 1300	 mm),	 the	
eccentricity	of	forces	a2	 is	574	mm,	the	length	of	the	segment	(a)	considering	the	symmetry	
axis	is	2356	mm,	the	coefficient	k1	that	determines	the	length	of	the	confined	zone	is	0.3	and	
the	depth	below	which	internal	stresses	become	uniform	(h)	is	1981	mm.	
Because	hT	is	smaller	than	a,	Eq.	(9)	is	used	to	estimate	a	cracking	load	Fcr	of	7161	kN.	
Conversely,	Eq.	(12)	is	used	to	assess	the	maximum	load	Fmax,	which	is	23559	kN.	The	SF	in	a	
service‐limit	state	(SLS)	is	obtained	by	dividing	Fcr	by	the	maximum	load	per	pad.	This	gives	
an	SF	of	1.54.	The	same	is	performed	for	the	ultimate	limit	state	(ULS)	using	Fmax.	As	a	result,	
an	SF	of	5.06	is	obtained.		
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Figure	14.	Symmetric	top	view	of	a	segment	from	Line	9	in	Barcelona	with	a	crack	
Following	 [50],	 an	 SF	of	2.0	 is	 recommended	 to	avoid	 the	use	of	any	 reinforcement.	
Although	smaller	values	are	obtained	in	SLS,	it	is	important	to	consider	that	the	typical	SF	in	
service	is	assumed	to	be	1.0	and	that	more	than	enough	safety	margin	remains	regarding	the	
ULS.	It	is	also	necessary	to	consider	that	the	maximum	load	from	the	thrust	jacks	were	used	in	
the	calculation	and	that	a	low	risk	of	collapse	is	associated	with	this	type	of	cracking	once	the	
ring	 leaves	 the	 shield.	 Based	 on	 these	 considerations,	 it	 is	 possible	 justify	 that	 no	
reinforcement	 is	required;	however,	a	combination	of	reinforcing	bars	and	steel	 fibres	were	
used	in	these	precast	segments	due	to	the	relatively	high	bending	moments	expected	in	some	
lengths	of	the	tunnel.	
An	extensive	experimental	program	was	performed	in	the	Metro	Line	9	in	Barcelona	
to	evaluate	the	possibility	of	replacing	the	traditional	reinforced	concrete	segment	by	a	fibre‐
reinforced	 concrete	 equivalent	 [47].	 During	 the	 experimental	 program,	 30	 rings	 reinforced	
solely	with	 steel	 fibres	were	 installed	 in	a	 curved	stretch.	The	 inspection	of	 these	 segments	
showed	that	no	longitudinal	cracks	occurred	due	to	bursting	stresses.	This	is	consistent	with	
the	results	obtained	through	the	application	of	the	analytical	model.	
6. Conclusions	
An	experimental	 investigation	was	performed	 to	 study	 the	mechanical	 behaviour	 of	
concrete	blocks	with	different	dimensions	with	and	without	steel	 fibres	under	concentrated	
loads.	 Through	 the	 study,	 three	 simplified	 analytical	 formulations	 based	 on	 STM	 were	
proposed.	To	fully	understand	the	proposed	model,	a	case	study	at	Metro	Line	9	in	Barcelona	
was	discussed.		
The	main	conclusions	of	this	study	are	described	below:	
 As	a	simple	and	accurate	method	for	structural	analysis,	the	strut‐and‐tie	model	shows	
a	 reliable	ability	 to	analyse	 concentrated	 loads	on	concrete	blocks.	The	depth	of	 the	
confined	area	of	the	blocks	significantly	affects	the	form	of	the	proposed	formulations	
to	predict	the	mechanical	behaviour	of	the	concrete	blocks.	
a1=1300	
hT	=1800	mm	
a=2356	mm
TT	
F/2	 F/2	
F/2 F/2	
k1a
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 In	blocks	with	greater	 length	than	height,	only	a	portion	of	 the	blocks	 is	responsible	
for	 transmitting	 the	 applied	 loads.	 The	 area	 that	 effectively	 contributes	 to	 the	
transmission	of	stress	is	defined	by	an	angle	equal	to	23°,	according	to	experimental	
results.	
 From	 the	 comparisons	 of	 theoretical	 and	 experimental	 values	 of	Ffis	 and	Frup,	 it	 has	
been	verified	that	the	formulations	proposed	could	predict	the	mechanical	behaviour	
of	the	blocks	in	the	experimental	study.	
 Due	to	its	simplicity	and	accuracy,	the	formulations	developed	in	this	work	could	serve	
as	 a	 basis	 for	 predicting	 the	 mechanical	 behaviour	 of	 concrete	 blocks	 subjected	 to	
concentrated	loads.		
 The	application	of	the	formulations	developed	for	Line	9	in	Barcelona	indicates	that	a	
safety	factor	of	1.51	and	5.06	exist	in	the	SLS	and	the	ULS,	respectively.	These	results	
suggest	that	no	specific	reinforcement	should	be	placed	to	resist	the	tensile	forces	that	
arise	due	to	the	concentrated	loads	applied	by	the	thrust	jack	pads.		
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ANNEX	A.	Tables	with	the	parameters	involved	in	the	STM	proposed	models 
Table	A.1.	Values	of	the	parameters	involved	in	the	assessment	of	Fcr	according	to	the	STM	proposed 
Specimen	 k1	[]	
a	
(mm)	
a1	
(mm)	
a2	
(mm)
a3	
(mm)
q1	
(N/mm2)
q2	
(N/mm2)
b	
(mm)
hT	
(mm)	
h	
(mm)	
fct	
(N/mm2)
Fcr	
(kN)
PC‐40‐200‐1.3	
0.33	
200	
150	
‐	 ‐	 ‐	 ‐	
150	 300	
182	
4,33	
379	
PC‐40‐250‐1.7	 250	 ‐	 ‐	 ‐	 ‐	 233	 425	
PC‐40‐400‐2.7	 400	 89	 400	 15.92	 8.27	 370	 725	
PC‐40‐750‐5.0	 750	 90	 405	 16.57	 8.12	 376	 750	
PC‐50‐200‐1.3	
0.33	
200	
150	
‐	 ‐	 ‐	 ‐	
150	 300	
182	
4,09	
358	
PC‐50‐250‐1.7	 250	 ‐	 ‐	 ‐	 ‐	 233	 401	
PC‐50‐400‐2.7	 400	 89	 400	 15.04	 7.81	 370	 685	
PC‐50‐750‐5.0	 750	 90	 405	 15.65	 7.67	 376	 708	
SFRC‐40‐200‐5.0	
0.33	
200	 50	 ‐	 ‐	 ‐	 ‐	
150	 300	
204	
3,99	
340	
SFRC‐40‐250‐4.0	 250	 ‐	 ‐	 ‐	 ‐	 260	 441	
SFRC‐40‐400‐2.7	 400	 150	 89	 400	 14.67	 7.62	 370	 668	SFRC‐40‐750‐5.0	 750	 90	 405	 15.27	 7.49	 376	 691	
SFRC‐50‐20‐5.0	
0.33	
200	
150	
‐	 ‐	 ‐	 ‐	
150	 300	
182	
4,32	
378	
SFRC‐50‐25‐4.0	 250	 ‐	 ‐	 ‐	 ‐	 233	 424	
SFRC‐50‐40‐2.7	 400	 89	 400	 15.88	 8.25	 370	 724	
SFRC‐50‐75‐5.0	 750	 90	 405	 16.53	 8.11	 376	 748	
Table	A.2.	Values	of	the	parameters	involved	in	the	assessment	of	Fmax	according	to	the	STM	proposed	
Specimen	 k2	[]	
a		
(mm)	
a1
(mm)	
a3
(mm)	
b
(mm)	
hT		
(mm)	
fc		
(mm)	
Fmax		
(kN)	
PC‐40‐200‐1.3	 0.59	 200	
150	
200	
150	 300	 43.7	
980	
PC‐40‐250‐1.7	 0.66	 250	 250	 1003	
PC‐40‐400‐2.7	 0.77	 400	 400	 1156	
PC‐40‐750‐5.0	 0.77	 750	 405	 1162	
PC‐50‐200‐1.3	 0.59	 200	
150	
200	
150	 300	 53.3	
1195	
PC‐50‐250‐1.7	 0.66	 250	 250	 1223	
PC‐50‐400‐2.7	 0.77	 400	 400	 1409	
PC‐50‐750‐5.0	 0.77	 750	 405	 1417	
SFRC‐40‐200‐5.0	 0.84	 200	 50	 200	
150	 300	 39.4	
431	
SFRC‐40‐250‐4.0	 0.87	 250	 250	 500	
SFRC‐40‐400‐2.7	 0.77	 400	 150	 400	 1041	SFRC‐40‐750‐5.0	 0.77	 750	 405	 1047	
SFRC‐50‐200‐5.0	 0.59	 200	
150	
200	
150	 300	 51.8	
1161	
SFRC‐50‐250‐4.0	 0.66	 250	 250	 1187	
SFRC‐50‐400‐2.7	 0.77	 400	 400	 1368	
SFRC‐50‐750‐5.0	 0.77	 750	 405	 1375	
	
